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Singapore 12th (21st 2007) 

China 
 73th 

  Population Gha/capita 
Equivalent 
land (km2) 

Actual 
country area 
(km2) 

Times 
country 
area 

Singapore 5,400,000 6.1 329,400 716 460.0 
China 1,366,000,000 2.1 28,686,000 9,706,961 3.0 

http://awsassets.panda.org/ 

Living Planet Report 2014 WWF 





Singapore 

http://data.footprintnetwork.org/countryMetrics.html?cn=49&yr= 



Sri Lanka 
Georgia 
Cuba 

Singapore 

http://data.footprintnetwork.org/countryMetrics.html?cn=49&yr= 



719.1 km2  

7,697 inh/km2 
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Food import: 90%  
Local farms: 
8% of vegetables,  
8% of fish and  
26% of eggs.  

Farming area: 675 ha 
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Ecocity World Summit, Melbourne July 2017. FROM PRODUCTIVE FACADES TO PRODUCTIVE CITIES. Dr Abel TABLADA. Dept. of Archit., School of Design and Envir., NUS 
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//upload.wikimedia.org/wikipedia/commons/9/96/Marine_Parade_Housing_Estate,_Typical_point_block,_Dec_05.JPG


Justification 
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• Food self-sufficiency is achieved with PR ≤ 1.9 if a hybrid farming method is applied 
(conventional + vertical).  

• Energy self-sufficiency is achieved for building height (< 42 m, < 14 storeys, PR < 3) due to 
the maximum exposed area with PV per amount of residents. 
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• Food self-sufficiency is achieved with PR ≤ 1.9 if a hybrid farming method is applied 
(conventional + vertical).  

• Energy self-sufficiency is achieved for building height (< 42 m, < 14 storeys, PR < 3) due to 
the maximum exposed area with PV per amount of residents. 

• Sunlight availability is sufficient for food and energy harvesting on all façade orientations.  

• For current typical New Towns in Singapore, food and energy self-sufficiency could reach 
about 60% and 80% respectively. 
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To make recommendations for three 
categories of envelope use based on 
facade sunlight distribution:  
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1) only BIPV,  

(2) combination of BIPV and farming  

(3) only farming or solar collectors.  
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• Food thresholds 

Daylight Autonomy (DA)  

required sunlight (RS)   

Optimal RS = 80% > 10klx  

Minimum RS = 40% > 10klx  

 

• Energy thresholds 

Incident irradiance  

PV > 800 kWh/m2  

Solar collector > 400 kWh/m2  
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Results 
(Food) 
• No facade and typology achieve 

the threshold requirement 
(RS=80%). All facades and sensor 
positions achieve RS > 40%.  

• North and south facades show 
minor differences (N 1-4% higher 
than S). 

• Higher differences were obtained 
between E & W facades which are 
more sensitive to sensor height 
position 
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• N & S facades are only suitable 
on the top positions for the 
denser cases. It may allow the 
whole facade for the least dense 
morphologies (PR = 1.3). 

• All cases achieve higher values 
than 400 kWh/m2, hence suitable 
for the installation of solar 
collectors on those facade 
locations not suitable for PV 
panels. 
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Results 
(Energy) 
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Recommendations 
and partial 
conclusions 
• There is high potential of food and energy 

harvesting on building facades in low latitudes.  

However, only densities lower than PR=3 allow the 
incidence of irradiance values above the threshold 
for energy harvesting 

• Farming and solar collectors can be installed on all 
facades at any height.  

However, it is recommended to be installed only on 
those facade areas where PV panels are not feasible 
based on irradiance threshold. 

• PV panels on the top section of all facades and 
farming and solar collectors on the remaining 
sections. 

Cases Farming 2nd 

category 

PV (>800kWh/m2) Solar 

collector 

N S E W 

P1 100% 100% 33% 0% 100% 100% 

P3 100% 50% 33% 0% 75% 100% 

P5 100% 25% 25% 0% 50% 100% 

S1 100% 100% 50% 0% 100% 100% 

S3 100% 33% 33% 0% 100% 100% 

S5 100% 33% 33% 0% 100% 100% 

C1 100% 100% 100% 0% 100% 100% 

C3 100% 50% 0% 0% 100% 100% 

C5 100% 33% 0% 0% 33% 100% 
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7. Optimal PSF Design Alternative 

Façade installation and monitoring 

6. Evaluation of SPF design alternatives and selection of the optimal SPF design alternative 

Accepting one Design: proceed to step 7  Not accepting design: return to any previous step 

5. Assigning the criteria scores to design alternatives 

        Computer simulations Calculations Survey with experts and residents 

4. Determination of relevant assessment criteria functions and weight coefficients 

Quantitative Qualitative 

3. Formulation of relevant design alternatives 

Facade wall (N,S,E,W) Facade with balcony (N,S,E,W) 

2. Formulation of decision goal 

Selected Design Alternative should balance: production output, costs, user comfort and aesthetics 

1. Initial definition of PSF components 

Definition of PV system  Definition of Food Planters  Definition of openings  
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Crop type
Baseline DLI 

(for daily survival)

Optimum DLI

(for daily growth)
 DLI Category

Light Duration 

Requirement
Spacing

Growing 

Period Root Depths Container Temperature Water Planting Method

Bayam

(Chinese spinach or 

red amaranth)

0.87 33.95 Very high light Long-day crop

Min 4 hour daylight

4/ft2

300mm

200-250mm height

20-25days

4-5weeks

40days

Shallow(450m-600mm.)

Usually 1 ft, up to 5ft

Depth: can be less than 

30cm

1-gallon or larger container

10-15°C Keep soil consistently moist throughout 

the growing season

 well-drained, nutrient-rich soil

Cai xin 

(Chinese flowering 

cabbage)

0.85 24.51  High light

Strong sun

250-300mm

h: 100-400mm

100-200mm

H: 200-300mm

150-200mm

30-35days

30-50days

within a depth of 120mm Depth: 150mm-200mm  light sands to clay loams, but 

prefers fertile, well-drained soils

Chinese cabbage 

(Napa cabbage)

0.77 17.35  Moderate light

 Full sun to part 

shade

Long-day crop

produces more leaves, bigger 

leaves and a higher biomass 

under long day conditions 

at least 4 hours of sunlight is 

ideal

250-300mm 30-35days

8-12wks after 

sowing

Shallow Depth: at least 200mm 13-21°C Needs much water during the whole 

growth period

During head formation, 1 to 1 ½ inches of 

water per week is needed 

Frequent light sprinklings with small-

bore sprinklers should be used

high yields on sandy loam

Kailan

(Chinese kale)

1.5 47.22 Very high light

Strong sun

250-300mm

H:250-300mm

150-200mm

40-45days

60-70days

8-12weeks

55-60days

Shallow Rich soil 

Kang kong 

(Water spinach or 

convolvulus)

0.67 19.9 Full sun or 

Moderate light

at least 4 hours of sunlight is 

ideal

150-300mm

200mm

H:up to 300mm

18-22days

50-60days

3-4weeks

60days from 

sowing

2-3week another 

round harvest

Shallow at least 8 inches in depth 

and diameter

20-30°C needs much more water than most other 

vegetable crops.

For aquatic culture after planting the 

land is flooded to 3-5 cm in depth and 

the water is kept flowing continuously. 

In moist soil culture, irrigation should 

take place every 1-2 days for high quality 

shoots if rainfall is low.

grows in water or on moist soil

Lettuce 0.84 14.51 Moderate light

Tolerating some 

shade

light shading in 

warm 

temperatures

well-lit but 

shaded position

Long-day crop

Min 4 hour daylight

3 hour direct sunlight

250-300mm

Height: 4-8 in.

10-14 in spacing

18-30 cm

40-45days

40-50days

70-85days

55-70days (from 

seed)

30days

Shallow(450m-600mm.) 1 gal container 

can be as shallow as 6 in.

15-22°C

cool climate plant

Hydroponic: 20 ± 3.8 L/kg/y

Conventional: 250 ± 25 L/kg/y

20-30cm/year

 Don’t allow soil profile to become 

depleted

Media bed/NFT/DWC

Pak Choy

(Chinese chard)

0.83 39.96 Very high light at least 4 hours  of direct 

sunlight

250-300mm

200mm

H:150-450mm

30-35days

45-75days

Shallow Depth: can be less than 

30cm

Depth:150-200mm

15-20°C During head formation, 1 to 1 ½ inches of 

water per week is needed 

Frequent light sprinklings with small-

bore sprinklers should be used

Cabbage 6.4-11.2 Partial sun Long-day crop

Day neutral

2/ft2

250-300mm

600–800mm

90-120days

60-90days

45-70days (from 

transplanting)

Shallow(450m-600mm.)

Majority in upper 12 in.

Usually too large for 

container, but early 

maturing and dwarf 

cultivars can be used.

Depth: can be less than 

30cm

One transplant per 5-gallon 

container. Or with small 

varieties, one plant per 

gallon container.

15-25°C (growth 

stops at >25°C)

 380 to 500 mm during the season Media bed

Tomato 13Mj/m2/d

30 mol/m2 day 

(Dorais,2003)

Full sun Day-neutral crop

Min 8 hour daylight

3 hour direct sunlight

12-14 hours

1/ft2

400-600mm

450-900mm

60-90days

50-70days

75days

8weeks

Deep

most roots  8 in.

up to 4-6 ft

12 in.

4 gal container or larger

2ft depth is required

one plant per 5-gallon 

container

21-24°C

22-26°C

25mm/week Media bed/DWC

Carrots Tolerate some 

shade

Long-day crop

6 hours of sun

25-75mm

Height: 12-18 in.

70-80days

90-120days

Moderately deep (36-

48in.)

Usually 2ft, 

up to 5 ft

at least 1 ft deep

2- to 5-gallon deep 

container

15-20°C 1/2-3/4 in./4-7 days

4 to 6 mm per day during peak use 

period

Chard Full sun to part 

shade

300-450mm 45+ days after 

planting

about 2 ft deep

2 gal container

Depth: can be less than 

40cm

four plants per 5-gallon 

container

 1 to 1.5 in. of water per week
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7. Optimal PSF Design Alternative 

Façade installation and monitoring 

6. Evaluation of SPF design alternatives and selection of the optimal SPF design alternative 

Accepting one Design: proceed to step 7  Not accepting design: return to any previous step 

5. Assigning the criteria scores to design alternatives 

        Computer simulations Calculations Survey with experts and residents 

4. Determination of relevant assessment criteria functions and weight coefficients 

Quantitative Qualitative 

3. Formulation of relevant design alternatives 

Facade wall (N,S,E,W) Facade with balcony (N,S,E,W) 

2. Formulation of decision goal 

Selected Design Alternative should balance: production output, costs, user comfort and aesthetics 

1. Initial definition of PSF components 

Definition of PV system  Definition of Food Planters  Definition of openings  
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Design alternatives 
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7. Optimal PSF Design Alternative 

Façade installation and monitoring 

6. Evaluation of SPF design alternatives and selection of the optimal SPF design alternative 

Accepting one Design: proceed to step 7  Not accepting design: return to any previous step 

5. Assigning the criteria scores to design alternatives 

        Computer simulations Calculations Survey with experts and residents 

4. Determination of relevant assessment criteria functions and weight coefficients 

Quantitative Qualitative 

3. Formulation of relevant design alternatives 

Facade wall (N,S,E,W) Facade with balcony (N,S,E,W) 

2. Formulation of decision goal 

Selected Design Alternative should balance: production output, costs, user comfort and aesthetics 

1. Initial definition of PSF components 

Definition of PV system  Definition of Food Planters  Definition of openings  
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Criteria 
categories 

Criteria function 
groups 

Individual criteria 
functions 

fi Units  ωi Ext. 

Architectural 
quality 
 

Functio
nal 
quality 
 

Daylight 
performance 
(0.1) 

Daylight Autonomy 
(indoors)  

f1 % 0.05 Max 

Energy on lighting 
(indoors)  

f2 KWh 0.05 Min 

Thermal 
performance 
 (0.1) 

Envelope Thermal 
Transfer Value (ETTV) 

f3 (W/m2) 0.1 Min 

Natural 
Ventilation  
(0.1) 

Ventilation rate f4 m3/s 0.05 Max 

Wind speed f5 m/s 0.05 Max 

Views quality 
(0.1) 

Angle of view/opening  f6 degrees 0.1 Max 

Usability & 
Acceptance 
(0.1) 

Accessibility f7 qualitative 
(1-5) 

0.05 Max 

Residents’ acceptance  f8 qualitative 
(1-5) 

0.05 Max 

Aesthetic quality (0.1) Aesthetic quality of the 
element  

f9 qualitative 
(1-5) 

0.1 Max 

Constructive quality 
(0.1) 

Components’ weight f10 kg 0.05 Min 

Ease of 
assembly/disassembly  

f11 qualitative 
(1-5) 

0.05 Max 

Production 
performance 
 

Energy yield (0.1) 
PV electricity 
generation per year  

f12 KWh 0.1 Max 

Food yield (0.1) Total value of 
produced food  

f13 SGD 0.1 
 

Max 

Financial 
performance  

Costs (0.1) 

Installation costs  f14 SGD 0.05 Min 

Maintenance costs per 
year  

f15 
SGD  0.05 Min 

 

Defining assessment 
criteria for façade 
optimization through the 
multiple criteria decision 
analysis (MCDA) 

The VIKOR method relies 
on the weight coefficients 
of the criteria functions to 
model the preferred 
structure of a design 
strategy. 

The MCDA VIKOR method is 
applied in order to provide 
a comprehensive 
evaluation and selection of 
the optimal design 
alternatives. 

1st Int Conf on Smart Grid Technologies, Singapore Sept 2017. PRODUCTIVE FACADES: POTENTIAL ENERGY AND FOOD HARVESTING IN SINGAPORE’S RESIDENTIAL BUILDINGS. Dr Abel TABLADA. Dept of Arch., SDE, NUS 

  37/50   IV. Productive facades / Design development 



7. Optimal PSF Design Alternative 

Façade installation and monitoring 

6. Evaluation of SPF design alternatives and selection of the optimal SPF design alternative 

Accepting one Design: proceed to step 7  Not accepting design: return to any previous step 

5. Assigning the criteria scores to design alternatives 

        Computer simulations Calculations Survey with experts and residents 

4. Determination of relevant assessment criteria functions and weight coefficients 

Quantitative Qualitative 

3. Formulation of relevant design alternatives 

Facade wall (N,S,E,W) Facade with balcony (N,S,E,W) 

2. Formulation of decision goal 

Selected Design Alternative should balance: production output, costs, user comfort and aesthetics 

1. Initial definition of PSF components 

Definition of PV system  Definition of Food Planters  Definition of openings  
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Image of the Rhino 
model and the 
Grasshopper / 
Ladybug algorithm 
for the parametric 
calculation of 
building 
performance 
indicators and 
sunlight access.  

Parametric simulation 
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Design variants 

2106

    

Geometric 

variants

Planter 

Variants

Orientation Height of start PV Panel Opaque Protection angle Height of start protection angle Tilt angle Height bottom window 1 planter Height bottom window 1 planter

1 3.0 1 100% 1 10° 1 bottom height of facade 1 15° M M M M M M 900 M M M

2 20° 2 30° A 1 1100 0 100 3 100 500 6 100 500 900 7 100 10 100 700

3 30° 3 45° B 1 1 500 4 100 900 8 400 11 300 700

C 3 2 900 5 500 900 9 700 12 100 500

D 1

E 3

9 13

117

Orientation Height of start PV Panel Opaque Protection angle Height of start protection angle Tilt angle Height bottom window 1 planter Height bottom window 1 planter

1 3.0 1 100% 1 bottom height of facade 1 15° M M M M M M 900 M M M

Transmittant Area of total 1 20° 2 30° A 1 1100 0 100 3 100 500 6 100 500 900 7 100 10 100 700

2 50% 2 30° 3 45° B 3 1 500 4 100 900 8 400 11 300 700

Gradient transmittance 3 40° C 3 2 900 5 500 900 9 700 12 100 500

3 40% D 1

E 3

27 13

351

Orientation Height of start PV Panel Opaque Protection angle Height of start protection angle Tilt angle Height bottom window 1 planter Height bottom window 1 planter

1 3.0 1 100% 1 10° 1 bottom height of facade 1 15° M M M M M M 900 M M M

2 20° 2 30° A 1 1100 0 100 3 100 500 6 100 500 900 7 100 10 100 700

3 30° 3 45° B 1 1 500 4 100 900 8 400 11 300 700

C 3 2 900 5 500 900 9 700 12 100 500

D 1

E 3

9 13

117

Orientation Height of start PV Panel Opaque Protection angle Height of start protection angle Tilt angle Height bottom window 1 planter Height bottom window 1 planter

1 3.0 1 100% 1 bottom height of facade 1 15° M M M M M M 900 M M M

Transmittant Area of total 1 20° 2 30° A 1 1100 0 100 3 100 500 6 100 500 900 7 100 10 100 700

2 50% 2 30° 3 45° B 3 1 500 4 100 900 8 400 11 300 700

Gradient transmittance 3 40° C 3 2 900 5 500 900 9 700 12 100 500

3 40% D 1

E 3

27 13

351

Orientation Height of start PV Panel Opaque Protection angle Height of start protection angle Tilt angle Height bottom window 1 planter Height bottom window 1 planter

1 3.0 1 100% 1 no pv 1 bottom height of facade 1 15° M M M M M M 900 M M M

2 20° 2 30° A 1 1100 0 100 3 100 500 6 100 500 900 7 100 10 100 700

3 30° 3 45° B 1 1 500 4 100 900 8 400 11 300 700

C 3 2 900 5 500 900 9 700 12 100 500

D 1

E 3

9 13

117

Orientation Height of start PV Panel Opaque Protection angle Height of start protection angle Tilt angle Height bottom window 1 planter Height bottom window 1 planter

1 3.0 1 100% 1 bottom height of facade 1 15° M M M M M M 900 M M M

Transmittant Area of total 1 20° 2 30° A 1 1100 0 100 3 100 500 6 100 500 900 7 100 10 100 700

2 50% 2 30° 3 45° B 3 1 500 4 100 900 8 400 11 300 700

Gradient transmittance 3 40° C 4 2 900 5 500 900 9 700 12 100 500

3 40% 4 50° D 1

E 3

36 13

468

Orientation Height of start PV Panel Opaque Protection angle Height of start protection angle Tilt angle Height bottom window 1 planter Height bottom window 1 planter

1 3.0 1 100% 1 no pv 1 bottom height of facade 1 15° M M M M M M 900 M M M

2 20° 2 30° A 1 1100 0 100 3 100 500 6 100 500 900 7 100 10 100 700

3 30° 3 45° B 1 1 500 4 100 900 8 400 11 300 700

C 3 2 900 5 500 900 9 700 12 100 500

D 1

E 3

9 13

117

Orientation Height of start PV Panel Opaque Protection angle Height of start protection angle Tilt angle Height bottom window 1 planter Height bottom window 1 planter

1 3.0 1 100% 1 bottom height of facade 1 15° M M M M M M 900 M M M

Transmittant Area of total 1 20° 2 30° A 1 1100 0 100 3 100 500 6 100 500 900 7 100 10 100 700

2 50% 2 30° 3 45° B 3 1 500 4 100 900 8 400 11 300 700

Gradient transmittance 3 40° C 4 2 900 5 500 900 9 700 12 100 500

3 40% 4 50° D 1

E 3

36 13

468

2 planters 3 planters 2 planters

2 planters 3 planters 2 planters

2 planters

2 planters 3 planters 2 planters

N

S

W

E

S

W

2 planters 3 planters 2 planters

E

2 planters 3 planters 2 planters

2 planters 3 planters 2 planters

N
2 planters 3 planters 2 planters

2 planters 3 planters
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Design variants (total 12,180) 
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Example: Test-run of the simulation  

Tilt angle 
15/30/45 

Protection angle 
10/20/30 

Start PV shading 
Top facade/planter 

Planter  
configuration 

 

3 3 2 13 x x x 

234 Cases 
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Simulation results 

Best case 

Prot. angle (20°) Tilt angle (30°)  
Start shading (planter) Planter type (a10)  

Second best case 

Prot. angle (10°) Tilt angle (45°)  
Start shading (top fac.) Planter type (a6)  
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Simulation results 



Extract of the survey to be conducted to residents of HDB buildings in order to obtain 
some of the criteria functions related to acceptance, accessibility and aesthetics.  
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Survey to residents and experts 



7. Optimal PSF Design Alternative 

Façade installation and monitoring 

6. Evaluation of SPF design alternatives and selection of the optimal SPF design alternative 

Accepting one Design: proceed to step 7  Not accepting design: return to any previous step 

5. Assigning the criteria scores to design alternatives 

        Computer simulations Calculations Survey with experts and residents 

4. Determination of relevant assessment criteria functions and weight coefficients 

Quantitative Qualitative 

3. Formulation of relevant design alternatives 

Facade wall (N,S,E,W) Facade with balcony (N,S,E,W) 

2. Formulation of decision goal 

Selected Design Alternative should balance: production output, costs, user comfort and aesthetics 

1. Initial definition of PSF components 

Definition of PV system  Definition of Food Planters  Definition of openings  
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VIKOR: multiple criteria decision analysis (MCDA) 
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7. Optimal PSF Design Alternative 

Façade installation and monitoring 

6. Evaluation of SPF design alternatives and selection of the optimal SPF design alternative 

Accepting one Design: proceed to step 7  Not accepting design: return to any previous step 

5. Assigning the criteria scores to design alternatives 

        Computer simulations Calculations Survey with experts and residents 

4. Determination of relevant assessment criteria functions and weight coefficients 

Quantitative Qualitative 

3. Formulation of relevant design alternatives 

Facade wall (N,S,E,W) Facade with balcony (N,S,E,W) 

2. Formulation of decision goal 

Selected Design Alternative should balance: production output, costs, user comfort and aesthetics 

1. Initial definition of PSF components 

Definition of PV system  Definition of Food Planters  Definition of openings  

M
C

D
A

 m
et

h
o

d
/V

IK
O

R
  

1st Int Conf on Smart Grid Technologies, Singapore Sept 2017. PRODUCTIVE FACADES: POTENTIAL ENERGY AND FOOD HARVESTING IN SINGAPORE’S RESIDENTIAL BUILDINGS. Dr Abel TABLADA. Dept of Arch., SDE, NUS 

  49/50   IV. Productive facades / Design development 



Thank you very much 
Questions and suggestions 
E-mail: abel@nus.edu.sg 
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